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Abstract: Normally, the average of the horizontal-to-vertical (H/V) ratios of the 5% damped response
spectra of ground motions is used to classify the site of strong-motion stations. In these cases,
only the three-orthogonal as-recorded acceleration components are used in the analysis, and all the
vector compositions that can generate a different response for each period oscillator are excluded.
In this study, the Spanish strong-motion database was used to classify the sites of accelerometric
stations based on the predominant periods through the average horizontal-to-vertical spectral ratios
(HVSR) of recorded ground motions. Moreover, the directionality effects using the vector composition
of the horizontal components of ground motions were also considered in the estimations of H/V
ratios. This consideration is a relevant novelty compared to the traditional H/V ratios methods.
Only earthquakes with magnitudes above 3.5 and hypocentral distances below 200 km were selected,
which resulted in 692 ground-motion records, corresponding to 86 stations, from events in the period
between 1993 and 2017. After the analysis, a predominant-period site classification was assigned to
each station. On the whole, the obtained mean and standard deviation values of the spectral ratios are
comparable to those shown by other researchers. Therefore, the advantages of the proposed procedure,
which takes the directionality effects into account, can be summarized as follows: (a) The obtained
information is richer and gives enables more sophisticated and realistic analyses on the basis of
percentiles and (b) it is easier to detect anomalous stations, sites, and/or accelerograms. Moreover, the
method eliminates the effect of directionality as a contributor to epistemic uncertainty.
Keywords: H/V response spectral ratio; seismic site classification; 5% damped response spectra;
Spanish ground-motion network
1. Introduction
The Vs30 value (the time-averaged shear-wave velocity in the upper 30 meters) is a measure
that is commonly used to define site classifications in seismic codes and ground-motion prediction
equations (GMPEs) [1,2]. Table 1 shows seismic site classifications based on the Vs30 from European [3],
Spanish [4], and American [5] seismic codes and structural standards. However, researchers have
reported some limitations and problems with this classification [6–9]. Some of these include the (i) the
limited availability of near-surface shear-wave data at strong-motion sites, (ii) the complexity of data
acquisition, and (iii) the fact that these classifications do not consider the effect of the thickness of
soft sediments.
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Table 1. Classification based on Vs30 for seismic codes and standard regulations from Europe, Spain, and the United States.
Eurocode 8 (Europe) [3] NCSE-02 (Spain) [4] ASCE 7-16 (USA) [5]
Soil Type Description VS30 (m/s) Soil Type Description VS30 (m/s) Soil Type Description VS30 (m/s)
A
Rock or other rock-like geological
formation, including at most 5 m of
weaker material at the surface.
Vs > 800 I Compact rock, very dense
cemented or granular soil Vs > 750
A Hard rock Vs > 1500
B Rock 750 < Vs ≤ 1 500
B
Deposits of very dense sand, gravel, or
very stiff clay, at least several tens of
meters in thickness, characterized by a
gradual increase of mechanical
properties with depth.
360 < Vs ≤ 800 II
Very fractured rock,
dense or cohesive hard
granular soils.
400 < Vs ≤ 750 C Very dense soil andsoft rock 360 < Vs ≤ 750
C
Deep deposits of dense or medium
dense sand, gravel, or stiff clay with
thickness from several tens to many
hundreds of meters.
180 < Vs ≤ 360 III
Granular soil of medium
compactness or cohesive
soil of firm consistency to
very firm.
200 < Vs ≤ 400 D Stiff soil profile 180 < Vs ≤ 360
D
Deposits of loose-to-medium
cohesionless soil or of predominantly
soft-to-firm cohesive soil.
Vs < 180 IV Loose granular soil orsoft cohesive soil. Vs < 200 E Soft soil profile Vs < 180
E
A soil profile consisting of a surface
alluvium layer with vs values of type C
or D and thickness varying between
about 5 m and 20 m, underlain by stiffer
material with vs > 800 m/s.
- - - - F
Other.




Deposits consisting of or containing a
layer at least 10 m thick of soft
clays/silts with a high plasticity index
(PI > 40) and high water content.
Vs < 100 - - - - -
S2
Deposits of liquefiable soils, sensitive
clays or any other soil profile not
included in types A–E or S1
- - - - - -
Geosciences 2019, 9, 294 3 of 13
As an alternative to the Vs30 classification, a method based on horizontal-to-vertical (H/V) ratios
of 5% damped response spectra, which can be used to obtain site predominant periods, was proposed
by Zhao et al. [7]. This method was adapted to the seismic design of highway bridge regulations in
Japan. After this paper, many authors presented studies based on the Zhao et al. method with data
from Europe–United States–Japan [8], Iran [10], Italy [9], and India [11].
Ground motions during earthquakes are recorded in three orthogonal components: two horizontal
and one vertical. Horizontal components are usually recorded in North-South (N-S) and East-West
(E-W) directions, but other adequate directions are often used when, for instance, bridges, buildings,
or other structures are instrumented. In these cases, longitudinal and transversal directions are
normally preferred.
The as-recorded components do not necessarily represent the maximum intensity at the site.
For instance, in addition to the response spectra of the two as-recoded accelerograms, namely E30◦ N
and N30◦ W, Figure 1a shows the response spectra of the accelerograms corresponding to a rotated
recording axis with increments of 1◦ in the range between 0◦ and 180◦. The as-recorded components
are rotated 30◦, according to the data provided by the Spanish National Geographic Institute, since
the sensor is installed with a 30◦ offset from the north. Figure 1b is a 3D representation of particle
motion, showing how maximum recorded values strongly depend on the direction of the recording
instruments. The following equation is used to obtain the rotated acceleration response time histories,
accrot(t,θ,T,ξ):
accrot(t,θ, T, ξ) = acc1(t, 0, T, ξ)cosθ+ acc2(t, 0, T, ξ)sinθ (1)
where t is time, θ is the rotation angle, T is the period of the oscillator and ξ is the damping ratio.
Usually, acc1(t,0,0,0) and acc2(t,0,0,0) are the as-recorded accelerograms. Maximum values lead to
the response spectra RotDpp where Rot means rotated, D means period-dependent and pp means
percentile. For other details on directionality, see Pinzón et al. [12].
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Figure 1. The 11 May 2011 Lorca (Spain) earthquake, 5.1 Mw at 18:47:00 local time. (a) Response
spectra comparison and (b) 3D particle motion for the ground-motion record registered in LOR station.
E30◦N and N30◦W correspond to the as-recorded accelerograms.
As can be seen in Figure 1a, the N30◦W component has larger Sa values than E30◦N but does
not represent the RotD100 (Rot: rotated; D: period-dependent; 100: 100th percentile) spectrum well.
RotD100 is the spectrum that represents the maximum (100th percentile) values of response spectra of
the two as-recorded horizontal components rotated onto all non-redundant azimuths [13]. This is due to
the directionality effect of strong motion recordings, which is now considered in the GMPEs [12,14,15]
and in the variability of the performance of structures due to the angle of incidence of the seismic
action [16–19].
Directionality effects also play an important role in seismic site classification by means of H/V
response spectral ratios [7]. Normally, the three as-recorded orthogonal components are used to
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perform the analysis. In some cases, the same site predominant period is captured with both horizontal
components (see Figure 2a where a predominant period, Tg, of 0.61 s is obtained), but in other
cases, as can be seen in Figure 2b, the predominant period varies for each horizontal component (Tg
[N-S] = 1.11 s and Tg [E-W] = 0.95 s). By considering the directionality effects, using the 50th percentile
of all the rotated ratios, a single site predominant period is obtained in both cases (Tg = 0.61 s and
Tg = 1.11 s for the ground motions of Lorca and Alhucemas respectively). This procedure reduces
epistemic uncertainty, since all non-redundant orientations are considered.
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Figure 2. Horizontal-to vertical (H/V) 5% damped response spectral ratio comparison fo (a) the
11 May 20 Lorca (Spain) ea thquake recorded in the LOR station (5.1 Mw at 18:47:00 local time) and
(b) the 24 February 2004 Alhucemas (Morocco) earthquake recorded in the ALG station (6.3 Mw at
02:27:47 local time).
Earthquakes such as those in Sicily (Italy) in 1693 [20], Lisbon (Portugal) in 1755 [21], and Messina
(Italy) in 1908 [22] were highly destructive events that left their mark on the European continent in
the past. Over the last decade, a considerable number of high-magnitude earthquakes have occurred,
causing property damage and fatalities. In Italy, the earthquakes of L’Aquila (Italy) in 2009 [23] and
the Central Italian events of 2016 [24] caused around 600 fatalities and thousands lost their homes.
In Spain, the Lorca 2011 earthquake is an example of how a moderate earthquake (Mw = 5.1) can
produce significant damage with considerable economic loss, loss of homes, and fatalities [25,26].
This confirms the need to increase knowledge of earthquakes and provide advanced tools to improve
the evaluation and management of seismic hazard and risk in Spain [27].
The main aim of this study is to improve the seismic site classification of the accelerometric
stations of the strong-motion network of Spain. The site classification method proposed by di
Alessandro et al. [9] is adopted, with the only difference being that directionality effects are taken into
account. For this purpose, acceleration records from the Spanish strong-motion network (Spanish
National Geographic Institute, IGN) are used. A predominant-period site classification is assigned to
each strong-motion station and the results of the mean ratios are compared with those obtained by
other researchers.
2. Methodology
In this study, the method proposed by di Alessandro et al. [9] is used to classify the sites of
accelerometric stations. Furthermore, the Rotational H/V response spectral ratio (H/V Rot) is proposed
as an extension of the method to consider the directionality effects. The aim of the H/V Rot method
is to eliminate the contribution of sensor orientation uncertainty in the estimation of the response
spectral ratios.
Instead of using only the three-orthogonal as-recorded components, the method considers
directionality effects according to the following steps:
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1. An estimation of 5% damped response spectra for each linear combination of the two horizontal
orthogonal components between 0 and 180 degrees of rotation is computed (180 in total using Equation (1)).
In this study, a period range between 0 and 2 seconds is used to compute the spectra with increments of
0.01 s.
2. The H/V response spectral ratios are computed for the 180 response spectra.
3. The 50th percentile (median value) of the 180 H/V spectral ratios are computed, to obtain a
single ratio for each record.
Zhao et al. [7], Fukushima et al. [8], and di Alessandro et al. [9] proposed a seismic site classification
method based on the site natural period at each station using H/V spectral ratios estimated with 5%
damped response spectra. The criteria used by each researcher are shown in Table 2. In this table, Tg is
the natural (predominant/fundamental) period of the site in seconds, SC refers to soil class and CL to
site class. In this paper, the classification proposed by di Alessandro et al. [9] (see Table 2) is applied to
the strong-motion network of Spain.
Table 2. Comparison of the site classification definition based on the predominant period (Tg) proposed
by Zhao et al. [7], Fukushima et al. [8], and di Alessandro et al. [9].
Zhao et al. (2006) Fukushima et al. (2007) di Alessandro et al. (2012)
Site Description Site Description Site Description
SC-I Tg < 0.2 s SC-1 Tg < 0.2 s CL-I Tg < 0.2 s
SC-II 0.2 s ≤ Tg < 0.4 s SC-2 0.2 s ≤ Tg < 0.6 s CL-II 0.2 s ≤ Tg < 0.4 s
SC-III 0.4 s ≤ Tg < 0.6 s SC-3 0.6 s ≤ Tg CL-III 0.4 s ≤ Tg < 0.6 s
SC-IV 0.6 s ≤ Tg SC-4 Tg not identifiable andoriginal rock site CL-IV 0.6 s ≤ Tg
- - SC-5 Tg not identifiable andoriginal soil site CL-V
Tg not identifiable with flat
H/V ratio and amplitude < 2
- - - - CL-VI Broad amplification withmultiple peaks @ Tg > 0.2 s
- - - - CL-VII Tg not identifiable withmultiple peaks over all periods
3. Data
The complete analysis was performed using the accelerometric database of the Spanish
strong-motion network from the Spanish National Geographic Institute (IGN). This database contains
records from 1993 to 2017. Ground motions were carefully corrected through baseline removal and
band-pass filtering (Butterworth fourth-order). Only ground motions with body-wave (mb) and/or
moment magnitudes (Mw) ≥ 3.5 and hypocentral distances ≤ 200 km were selected. Mw and mb
magnitudes were used in the selection, since these were the magnitudes available in the database
catalog. Magnitudes of earthquakes before 2010 were defined with mb and after this year they were
defined with Mw. Thus, a dataset with 692 three orthogonal accelerograms, recorded at 86 stations,
was segregated for the analysis.
The distribution of magnitude as a function of the hypocentral distance of the selected ground
motions is displayed in Figure 3 and the earthquake locations are shown in Figure 4. Most records
correspond to earthquakes with magnitudes below 4 and with a hypocentral distance between 20 and
30 km.
From the 692 ground motion records, only one has a peak ground acceleration (PGA) higher than
0.30 g (high seismicity), the 2011 Lorca earthquake recorded in the LOR station with a PGA = 0.36 g
(see Figure 2a). Figure 5 shows the results of the H/V spectral ratios of the LOR station using all the
available records. The median predominant period is 0.46 s compared to the 0.61 s period obtained
in Figure 2a. This difference in the period is due to the high PGA of the motion, producing high
deformations and leading to a nonlinear response of the soil [28–31].




  Figure 3. Magnitudes and hypocentral distances for selected earthquakes and stations.
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4. Results
Once the complete database had been analyzed, a seismic site class was assigned to each
strong-motion station. Seventy-three percent of the stations were classified in the first four categories
corresponding to 78% of the ground-motion records (Table 3).
Table 3. Number of accelerometric stations and ground-motion records for each site class according to
the di Alessandro et al. [9] classification.
Number of CL-I CL-II CL-III CL-IV CL-V CL-VI CL-VII
Stations 9 (10.5%) 24 (27.9%) 16 (18.6%) 14 (16.3%) 2 (2.3%) 4 (4.6%) 17 (19.8%)
Records 167 (24.1%) 138 (20.0%) 176 (25.4%) 62 (9.0%) 31 (4.5%) 32 (4.6%) 86 (12.4%)
The location of the 86 analyzed stations are shown in Figure 6, and, in order to summarize the
results obtained and to allow easy comparison with previous classifications, Table 4 shows the new
and old site classifications. In this table, the classification based on the predominant periods, the
geology (provided by the IGN), and the site classification published by Mezcua et al. [32] are shown.
For the geology classification, R refers to rock, H to hard soil, and S to soft soil. To characterize each
site, Mezcua et al. [32] used the crude site qualitative description provided for each station. Site class 1
corresponds to compact rocks, 2 refers to firm soil, and 3 applies to soft sedimentary deposits.
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The geometric means (GM) of the H/V ratios of the 5% damped response spectra and their standard
deviations were calculated for each site class. The results are shown in Figure 7 and in Tables 5 and 6.
The shape of the GM ratio is similar to that obtained by Zhao et al. [7] using the Japanese database and
di Alessandro et al. [9] using the Italian one. Differences in amplitudes of the GM of the ratios were also
observed: Maximum values were around 4 with the Japanese dataset (see Figure 3 of Zhao et al. [7]),
2.8 with the Italian dataset (see Figure 3 of di Alessandro et al. [9]), and 2.3 in this study (see Figure 7).
These differences are related to the range of magnitudes used and the number of records. The analysis
for Japan was made with ground motions from earthquakes with agnitudes ≥ 5.0 and in Italy with
magnitudes ≥ 4.0. In the case of the present study, most of the records were from earthquakes with a
magnitude ≤ 4. For this reason, smaller amplitudes were found in the GM of ratios.
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Figure 7. (a) Geometric means (GM) of the H/V ratios of the 5% damped response spectra for each site
class. (b) The corresponding standard deviations.
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Table 5. Numerical values of the GM of the H/V ratios of the 5% damped response spectra for the
site classes of the accelerometric stations based on the Spanish ground-motion database. (See also
Figure 7a).
Period (s)
Geometric Mean Values of H/V Response Spectral Ratios
CL-I CL-II CL-III CL-IV CL-V CL-VI CL-VII
0.01 1.631 1.455 1.437 1.155 1.167 1.404 1.630
0.05 1.374 1.232 1.223 1.040 1.205 1.397 1.392
0.07 1.350 1.100 1.107 0.943 1.177 1.266 1.406
0.10 1.926 1.182 1.240 1.044 1.246 1.143 1.594
0.15 1.998 1.619 1.447 1.071 1.180 1.356 1.780
0.20 1.645 2.030 1.615 1.166 1.444 1.959 1.632
0.25 1.494 2.157 1.789 1.309 1.484 1.990 1.693
0.30 1.527 2.316 2.013 1.409 1.508 1.585 1.801
0.40 1.355 2.156 2.174 1.578 1.445 1.830 1.806
0.50 1.266 1.996 2.290 1.659 1.359 1.970 1.782
0.60 1.262 1.774 2.021 1.902 1.310 1.836 1.693
0.70 1.186 1.678 1.904 2.021 1.428 1.864 1.768
0.80 1.156 1.577 1.730 1.965 1.363 1.786 1.812
0.90 1.106 1.434 1.633 1.801 1.325 1.708 1.750
1.00 1.081 1.455 1.558 1.806 1.243 1.812 1.771
1.25 1.196 1.348 1.441 1.878 1.312 1.808 1.717
1.50 1.207 1.264 1.342 1.751 1.271 1.720 1.609
2.00 1.130 1.246 1.327 1.639 1.410 1.765 1.350
Table 6. Standard deviation of the GM of H/V ratios of the 5% damped response spectra for the site
classes of accelerometric stations based on the Spanish ground-motion database (see also Figure 7b).
Period (s)
Standard Deviation of H/V Spectral Ratios
CL-I CL-II CL-III CL-IV CL-V CL-VI CL-VII
0.01 0.325 0.376 0.269 0.263 0.128 0.226 0.480
0.05 0.403 0.397 0.213 0.237 0.000 0.250 0.437
0.07 0.597 0.296 0.209 0.324 0.051 0.335 0.420
0.10 0.573 0.503 0.256 0.291 0.120 0.355 0.493
0.15 0.672 0.344 0.390 0.225 0.125 0.323 0.599
0.20 0.488 0.518 0.483 0.305 0.230 0.300 0.582
0.25 0.309 0.446 0.406 0.276 0.295 0.358 0.600
0.30 0.276 0.523 0.453 0.319 0.258 0.351 0.581
0.40 0.377 0.443 0.460 0.228 0.244 0.425 0.416
0.50 0.409 0.310 0.438 0.338 0.314 0.438 0.269
0.60 0.371 0.332 0.454 0.277 0.335 0.364 0.353
0.70 0.412 0.279 0.359 0.460 0.215 0.428 0.429
0.80 0.389 0.288 0.331 0.405 0.161 0.258 0.453
0.90 0.329 0.322 0.371 0.413 0.255 0.336 0.436
1.00 0.324 0.266 0.332 0.244 0.288 0.385 0.478
1.25 0.253 0.240 0.271 0.254 0.239 0.385 0.705
1.50 0.369 0.229 0.246 0.330 0.165 0.424 0.509
2.00 0.279 0.293 0.301 0.438 0.028 0.526 0.482
In the case of the standard deviations of the geometric mean of H/V response spectra ratios
(Figure 7b), the results show values around 0.3 on average. These results are similar to those obtained
by Zhao et al. [7], Fukushima et al. [8], Ghasemi et al. [10], and di Alessandro et al. [9].
The spectral ratios (spectral amplification factors) obtained for each site class (see Figure 7a and
Table 5) are used to compare the results with the elastic design spectra of the Eurocode 8 (EC-8) [3].
To make this comparison, the spectral shapes of each site class are first normalized at the zero-sec-period
and the EC-8 design spectrum for Type 2 earthquakes and soil type A (EC8-2A spectrum) (see Table 1) is
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used as a reference spectrum. This reference spectral shape was selected because of the low-to-moderate
seismic hazard in Spain [18] and the relatively low magnitudes of the events involved in this study
(see Figure 3). Recall that Type 2 spectra are recommended for regions with earthquakes whose
surface-wave magnitude (Ms) is no greater than 5.5 (low seismicity) [1,10]. The EC8-2A design
spectrum and the normalized spectral ratios are then multiplied to obtain the expected design spectrum
at each site class. This procedure is equivalent to considering the normalized spectral ratios as transfer
functions between the basement and the surface soils, when the EC8-2A design spectrum is the
reference spectrum in the hard rock basement. Thus, each site class can also be compared with the
EC-8 design spectra for different soil classes (Figure 8). Site classes CL-I, CL-V, and CL-VII match well
with EC8-2A and EC8-2B soil types, while CL-II, CL-III, and CL-VI are a better fit with EC8-2B and
EC8-2C soil types. Finally, the spectrum corresponding to the CL-IV site class has large amplitudes for
higher periods and lower amplitudes for low periods so that the long period section is a good match
with the spectra for EC8-2C and EC8-2D soil types, and the short period section, that is, periods below
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Table 7 summarizes and highlights similarities between the site classes of this study and the EC-8.
However, we must be aware that it does not mean that site classes and EC-08 soils are equivalent but
only that there exist significant similarities in the corresponding spectra, mainly in the long period
range. In our view, the spectra for site classes must be preferred for assessment purposes, because they
are based on actual strong motion recordings. For design purposes, spectra of the Eurocode soil type
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may also be a good option, because design spectra are based on smoothed spectra, which envelop
maximum spectral values of expected strong motions.
Table 7. Main similarities among the classification obtained in this study for the Spanish strong motion
database and the soil classification of the Eurocode 8 [3].
Site Class EC-8 Soils with Similarities
CL-I A and B
CL-II B and C
CL-III B and C
CL-IV B, C, and D
CL-V A and B
CL-VI B and C
CL-VII A and B
5. Conclusions
In this study, the Spanish ground-motion database was used to classify the site of each
accelerometric station through the predominant period obtained using H/V ratios of the 5% damped
response spectra. Directionality effects were also considered in the analysis through linear combinations
of the horizontal components. For each ground motion, 180 H/V ratios were estimated (one per rotation
angle). The 50th percentile was then selected to obtain a single ratio per ground motion. To determine
the classification based on the site predominant period, the geometric mean of the ratios of each station
was calculated to obtain one spectral shape per station. It is important to mention that is not usual to
include the effects of directionality in H/V calculations. In most cases, the spectral quotients are only
calculated with the orthogonal components.
Without considering directionality effects, this seismic site classification has previously been
applied to ground motion databases from other countries. The application of this methodology to the
Spanish network helps to improve the site classification of each station and fill the gap generated by
the lack of information. One important novelty of this study is that it provides empirical information
about the site response due to ground motions, complementing existing hypotheses based on geology
maps. The proposed classification is made with data collected in the same station. It is not usual to
classify an entire network according to a homogeneous common parameter, which is not a proxy from
geology or topography. In fact, most networks have few stations characterized by direct measurements
such as Vs30 or the predominant frequency of the site.
This classification provides some advantages compared to others (e.g., Vs30-based). (i)
The acquisition and processing of data are simple and automatic, since the network works continuously.
(ii) This methodology may be easily exported to other networks, depending on the availability of
strong motion databases. (iii) Moreover, this classification considers the real response of the site to
actual seismic actions. This way, more realistic site conditions are obtained in comparison to the more
general, simplified, and proxy classifications, which are used in seismic codes (e.g., Eurocode 8 site
classification). (iv) When directionality is included, the method allows us to have information about the
likely anisotropy of both the strong motion and the soil response. An additional value of the method is
that the epistemic uncertainty decreases since all of the orientations are considered in the analysis.
In recent years, interest in the site conditions of installed stations has increased for research
purposes and for engineering uses. From an engineering perspective, this classification plays an
important role in the evaluation and design of structures, which can be useful, for instance, when actual
accelerograms are needed for deterministic and/or probabilistic dynamic analyses, thus improving the
results for specific areas and contributing to reducing epistemic uncertainties. Moreover, an equivalent
classification to the Eurocode 8 soil classes was obtained using the design spectra and the spectral
shapes of each station as transfer functions. This equivalence can be very useful if a study or project is
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carried out following the Eurocode 8 specifications, either for the earthquake resistant design or for
assessment of existing structures.
Finally, the impact of these site classes on the development of new generation empirical ground
motion predictive equations (GMPE) in comparison to the more traditional ones based on more
simplified approaches that take into account the local site effects based on conventional rock/soil
classifications remains a relevant and interesting issue.
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